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SUMMARY

Radiance spectra for two hot-gas samples have been computed using
quasi-monochromatic calculation techniques and data from the Air Force
Cambridge Research Laboratories (AFCRL) line atlas augmented with spectral
data on HCl1 and HF. Apparent radiance at the top of the atmosphere has also
been computed as has the effective average atmospheric transmittance, which

depends on the source.

The adequacy of the AFCRL atlas for hot-gas modeling has been explored
by comparison of experimental and computed spectra. The atlas was found to
contain insufficient hot lines for accurate modeling of the wings of bands.
Effort should be directed toward providing an adequate line atlas for hot-gas

modeling,

~ The HF and HCI band line parameters include hot lines, but omit the
H2 isotopic species. Although the normal concentration of H2 is only 0.0156
percent, the lines are strong enough to ap - - in the spectra. These lines
should be added in the future. A more app. iate line -width parameter for

high J values is also needed.

The Voigt line shape has not been used because of cost. Efficient

approximations to the Voigt function should be obtained,.
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I. INTRODUCTION

High-resolution spectra of the radiation from a combustion-product
. source viewed through an atmospheric absorption path are required for several

applications. An important example is the remote sensing of missiles or
aircraft from their exhaust plume radiation. The measurement of these
radiance spectra would require the use of research-laboratory-type instru-
ments because the individual spectral lines are less than 0.1 c:m'1 wide, *
Because measurements are difficult in the field, recourse has been made to
computations. If the pressure, temperature, and species concentrations are
sufficiently well defined in the plume and atmosphere, and if the required
spectral coefficients are available, the radiance can be computed by straight-
forward but tedious means. The procedures developed to make these compu-

tations at The Aerospace Corporation were described in an earlier report.1

I The spectral coefficients for the atmospheric gases were obtained from
the Air Force Cambridge Research Laboratories (AFCRL) compilation. z

- Although this line compilation was never intended for plume modeling, it is

ST AR

the most comprehensive compilation available and, therefore, was used in

the present study. The compilation has been revised since the comparisons

{

presented in Ref. 1. In Section II, the revised version is compared with
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experimental measurements.

The spectra of sources that contain HCl and HF were investigated. The
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spectral coefficients for these gases were calculated frém basic molecular

L

i

parameters. These computations and a comparison of the results with experi-

% -
e mental lire parameters and experimental spectra are given in Section III.

The calculated spectra are given in Section IV,

T
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“In this report, the unit of frequency is wavenumber (cm'!).
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II. AFCRL LINE ATLAS COMPARISON

The AFCRL compilation of spectroscopic line parameters was originally
designed to study the propagation of infrared radiation through the atmosphere.
The atlas is adequate for these studies in the 2. 7-um regions, as the compari-
sons in Ref. 1 indicated. Since the publication of Ref. 1, revised editions of
the line atlas have been received from AFCRL. In the revised version, the
error in the 010-130 water band strength has been corrected, several
additional water bands have been added in the 2.7 -pm regions, and the CO2
parameters have been significantly reworked throughout the infrared spectral
region. Because of these changes, it was deemed beneficial to repeat the

comparisons made in the previous study as well as to add scme additional

comparisons.

The AFCRL atlas, as revised, appears to be adequate for atmospheric
paths. The comparisons indicate that, in spite of the hot bands that have
been added, the line atlas is still only partially adequate for modeling gases
with temperatures greater than 1000 K.

The conditions of the various test spectra are shown in Table 1. Most
of the comparisons are in the 2, 7-um spectral region; the results of the
comparisons are discussed below. Tests 1 through 4 were conducted for the

same conditions as the tests in Ref. 1.

A, ATMOSPHERIC CO2 PATH (TEST NO. 1)

Experimental CO2 spectra characteristic of atmospheric paths have

been obtained by Burch, 3 and his sample 10 was chosen for comparison.

The solid curve in Fig. 1 represents the experimental results and was
obtained by differentiating a tabulated spectrum from Ref. 3; the dashed curve
indicates the result obtained in the earlier study. 1 The results obtained with
the most recent line atlas are shown as the broken curve. In general, the
revised atlas gives results that approximate those of the old atlas and are in

reasonable agreement with the experimental values. Both computed spectra
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TRANSMITTANCE

|
2.8

WAVELENGTH, pm

Comparison of Computed and Experimental Low-
Resolution CO2 Spectra. The solid curve is the
experimental curve of Burch3 for a homogeneous
path with conditions characteristic of an atmo-
spheric path., The dashed curve was obtained
from tte AFCRL line atlas used by Randall, !
The 1 roken curve was computed for the same
conditions, except that the revised AFCRL line
atlas was used.
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were obtained by convolving a 2, ‘5-cm_1 full -width-at-half -maximum (FWHM)
triangle with the high-resolulion spectrum computed with the INHOM program

and the linc¢ atlas indicated.

A higher-resclution spectrum for this same sample is s»own in Fig. 2.
The solid experimental curve was reproduced from Ref 3 by procedures out-
.ined by Randall. ‘ The computed curves were o’ tained by convolving‘a
0. 8-cm-1 -wide FWHM triangular function with the high-resolution spectrum.
The dashed curve is based on the earlier line atlas. The results obtained
with tiie revised atlas (broken curve) are shown only in the two regions where
they differ most significantly from the earlier vesults. Although the differences
are real, they are not large ernough to be of great concern. The apparent
rloser agreement of the early atlas results with the experiment results is

somewhat surprising.

B. ATMOSPHERIC H,O PATH (TEST NO, 2)

2
The solid curve in Fig. 3 represents a portion of the experimental HZO

spectrum obtained by Burch, Gryvnak, and Patty4 and identified as sample 39,

Computed curves were obtained by convolving a 0. 5-cm_1-wide FWHM triangle

with the computed high-resolution spectrum. The strength of spectral lines of
the 010-030 band at the positions indicated by the vertical bars in Fig. 3 were
too large in the previous version of the line atlas. The dashed curve, which
was obtained with the revised atlas, indicates that this problem has heen
corrected, and reasonably good agreement exists between the measured and
experimental data,

C. HOT CO2 PATHS (TESTS NO. 3 AND 5)

.

The solid curve in Fig, 4 represents the experimental radiance
spectrum for Test No. 3, a hot, high-pressure sample of COZ‘ The spectrum
and experimental conditions were obtained from the work of Simmons, Yamada,
and Arnold, 5 The computational results were obtained by convolving a 5—<:m'1 -
wide FWHM {riangular instrument function with the high-resolution spectrum.

The dashed curve was obtained with the earlier AFCRL atlas. The broken
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Comparison of Computed and Experimental
Medium Resolution CO; Spectra. The same
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higher resolution. The spectral segments
are those where the spectrum computed
from the revised atlas (broken curve)
deviates most significantly from the pre-
viously computed (dashed curve) and
experimental results (solid curve)
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RIMENT T=1200 K
! EXPERI —\ L-60cm
P =2 atm

>

0.3

SPECTRAL RADIANCE, mW cm” 2 sr-cm

0.00.( I P | L | i | L Lﬁﬂ I

B0 3900
FREQUENCY, cm
. % ! 5 !
3.0 2.8 2.6
WAVELENGTH, pm

Figure 4. Comparison of Computed and Experimental Hot CO, Spectrum.
The solid curve is the radiance observed by Simmons” from a
hot, high-pressure CO, sample. The dashed curve was com-
puted for the same conditions but with the line atlas used in
Ref., 1. The broken curve was computed from the revised

line atlas,
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curve is based on the revised atlas. 7n the wings of the band, many lines are
clearly missing, even in the revised atlas. The deviation of the computed
spectra from the experimental spectrum in the center of the band indicates
that the line density or widths or both are not great enough in the atlas to
make the sample optically thick, whereas, experimentally, the sample is

optically thick.

A hot CO2 sample (Test No, 5) for which the path is not uptically
thick in the 2. 7-pm band was studied experimentally by Burch and Gryvnak. 6

Their result is shown as the solid curve in Fig., 5. 'The computational result

(dast :d curve) was obtained by convolving a 20 —cm-1 -wide FWHM rectangular

instrumental function with a high-resolution spectrum obtained with the INHOM
program for the conditions listed and the revised line atlas. Again, the already
noted deficiencies of the atlas in the wings of the CO2 band and the inadequacies

near the band center are apparent.

D. HOT HZO PATH (TEST NO. 4)

The solid curve in Fig, 6 represents the experimental hot-water
spectrum obtained from the work of Simmons, Arnold, and Smith, 7 as
described by Randall. The broken carve is the computed spectrum obtained
by convolving a 7, ‘B-c:m—1 -wide FWHM triangular instrumental function with
the high-resolution spectrum obtained with the revised line ntlas. The error
caused by the use of an incorrect 030-010 band intensity in the previous atlas
has been corrected, and the differences between the computed and the experi-
mental specira are now in the expected direction. The computed transmittance

is higher because of the lack of the hot lines in the atlas.

Comparison of Figs. 5 and 6 indicates that the AFCRL atlas is better
capable of predicting the transmittance of hot HZO than hot COZ' Apparently,
the percentage of water lines with significant strength at high temperatures

included in the atlas is greater than the percentage of 002 lines.
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Comparison of Computed and Observed Hot CO;
Transmittance. Thg solid curve is the spectrum

observed by Burch.® The dashed curve was
computed from the revised line atlas.
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Figure 6. Comparison of Computed and Observed Hot H»O Transmittance.
The solid curve is the experimental curve of Simmons .7 The
dashed curve was computed from the revised line atlas.
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HOT CC)2 PATH, 4.3 -um SPECTRAL REGION
(TEST NO. 6)

The solid experimental curve in Fig., 7 was obtained at the
Environmental Research Institute of Michigan (ERIM). * The dashed curve
was obtained by convolving a 5-<:m-1 -wide FWHM triangular instrument
function with the high-resolution spectrum computed with the revised AFCRL
atlas and with a pressure-broadened line shape. For the pressures involved
in this experiment, a Voigt profile is more appropriate; however, because
the Voigt profile is mora complicated mathemnatically, and hence requires
more computation time, only a portion of the spectrum was computed with
the Voigt profile. The results are indicated by X's in Fig. 7. Although the
use of a more correct profile improves the agreement with experiment, itis
clear that the AFCRL atlas is inadequate for accurate plume modeling in this

spectral region (4.3-um) also.

F. NONISOTHERMAL HOT HZO PATH (TEST NO. 7)

The spectra for the only nonisothermal path considered in evaluating
the AFCRL line atlas are shown in Fig. 8. The experimental spectra and gas
sample conditions were obtained from the work of Simmons, Yamada, and
Arnold. > The temperature profile for the 60-cm-long optical path is shown
in Fig. 9. The open data points denote the measured temperatures along the
path, and the step-function curve is the profile used for the computations.
Both radiance and transmittance spectra are shown in Fig. 8 inasmuch as the
radiance depends on temperature through the blackbody function as well as

through the line parameters. The theoretical spectra were obtained by con-

volving a 3. 5-cm'1-wide FWHM triangular instrument function with the high-
resolution spectrum computed with the revised AFCRL atlas and are shown

as smooth solid curves in Fig. 8.

“F. S. Simmons, private communication (9 August 197 1).
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Figure 7.

1

FREQUENCY. cm~

Comparison of Computed and Observed Hot CO, Spectra in the
4.3-pm Region. The solid curve was obtained experimentally
at ERIM. The dashed curve was computed from the revised
AFCRL atlas with use of a Lorentz line shape. The X-denoted
curve was computed from the same line atlas with use of the
more appropriate Voigt line shape.
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Comparison of Experimental and Computed Characteristics
of a Nonisothermal H,O Sample. The smooth curves are the
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Simmons.,

ofbiibdin 1 i o

il el




b
wi
o
o |
'—
<
o
t
a.
=
Ty
’—.

Figure 9.

30 40
DISTANCE, cm

Temperature Profile for Nonisothermal H»O Computation.
The measured temperatures along the sample cell used to
obtain the experimental points in Fig. 8 are shown (O).
The horizontal line scgments denote the temperature pro-
file that was used to simulate the sample for computation.




The measured spectra in Ref. 5 are plotted such that reproduction

on the scale of Fig. 8 would not produce a very meaningful comparison.

Within the spectral region involved, there is a one-to-one ¢ srrespondence
between the spectral maxima and minima in the measured and computed
spectra. These exireme values were obtained from Ref. 5 and are represented
by the closed data points in Fig. 8. The solid curves connecting these points
are included only as a visual convenience in following the curve and do nct

represent intermediate values actually measured.

In this spectral region, the agreement between experiment and
computation is generally reasonable, although not perfect. In the trans-
mittance plots, the tendency is for the computed results to underevaluate
the absorption. This tendency is consistent with the results discussed in

Section IID above.
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III. HC1 AND HF SPECTRAL LINE PARAMETERS

The computation of spectral r: diance from plumes that contain HF
and HCI1 requires that the line position v, strength S, width a. and lower
energy level E” be available for all lines of interest. For hot plumes, the
lines of interest include not only the transitions that involve the first few
rotational levels of the v = 1 to v = 0 band, which have been studied ~xten-
sively in the laboratory, but also transitions that involve higher vibrational
and rotational levels. Fortunately, HF and HCl are simple diatomic m~le~
cules that have received extensive theoretical analysis. Procedures are
therefore av-ilable for computing the energy levels, line positions, and
strength from basic molecular constants. Pressure shifts of line positions
are well documented for these gases, but were ignored in the present study
because of the relatively low pressures that were used. The theoretical
prediction of the pressure-broadening parameter is more difficult. In the

present study, empirically determined line widths were used, where avail-

able, for low-J value lines. For other lines, a constant line width was used.

In this section, the basic equations used to determine the desired line
parameters are presented together with the values of the molecular constants
employed. Then, the accuracy of the various line parameters as determined
by comparison with experimental data is discussed, and a computed HF

spectrum is compared with an experimental spectrum.

A, BASIC RELATIONS AND DATA

i. ENERGY LEVELS

The energy levels or term values for a vibrating and rotating diatomic

molecule have been studied extensively. The theory is well known and readily

available, 8 The effects of the interaction of vibration and rotation are accu-

rately included in the Dunham formulation, in which the term value Gv 3 is
4




given in terms of a double series in the vikration quantum number v and

the rotational quantum number J

(v H 172F ym 7+ ™

The Ylm’ known as Dunham coefficients, are usually determined hy data-
fitting techniques from the positions of spectral lines in carefully calibrated
spectra. The values used in the piesent study for HF and HCl are given in

Table 2. Sets of coefficients for HF and HCl35 are available from the

9,10

literature. A complete experimental analysis for HCJ.37 was not found,

Therefore, the HCJI?’7 set of coefficients was derived fron: the HCl35 by

means of the Dunham isotopic equation“

=Y, o (u/pya/2 [1 bay (Be/“’e)z (o -yt ]

£, m

where p is the reduced mass, and superscript i implies isotope and is not
an exponent. The appropriate values of q = £ + 2m are given in Table 2.

The @, , are of order unity, For H(3135 and HCl37

(Be/we)z - p)/plr-2x 1078

Consequently, the terms involving this ratio were ignored. The value
(p/ul)i/2 = 0.99924 was used for deriving HC137 coefficients from HC1

values.

35

These term values include the zero-point energy of the oscillator.

The approximation for the partition function in the present programs refers




Table 2. Dunham Coefficients for HF and HCl

37

HC1
Coefficient HF,a cm-1 HCI?’S,b c:m"1 Value, cm"1

YiO 4138.73 2990.9463 2988.6732
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all energy levels to the lowest vibrational level. Therefore, the lower

energy level required from the line atlas for population computation is

EII =e _9

v,J 0,0

2. LINE POSITIONS

The frequency of a spectral line is given by the difference in term
values for the upper and lower energy levels between which the transition
occurs. The vibrational quantum number v can change by any integral value.
Vibrational bands with Av 2 2 lie outside the spectral region of present
interest and are excluded from the present study, except for the v = 0 to

2 band. Because of anharmonicities in the molecular vibration, the

= 1 bands are not all superimposed on each other. Four Av = | bands
with lower-level v numbers equal to 0, 1, 2, 3 are included in the present
study. For the molecules of interest here, the rotational quantum number J
can change by 1. The R branch of the vibrational band corresponds to
AJ = +1 when a photon is absorbed; the P branch corresponds to AJ = -1
when a photon is absorbed. The conventional notation is to indicate AJ by a
letter and the J value of the lower state. With this notation, the frequencies
of the lines may then be specified
0

8 (R Branch)

Yelt,vt, 3T Tvr, JH1 T Yyn, 3

e (P Branch)

v

vi,vi,J - ev',J—i -

v, J

Note that 1ere is no P(0) line.
LINE STRENGTHS

Line strengths are defined in several ways. TFor clarity, we iirst

carefully define how line strengths are used in the computations performed




by the program described in Ref. 1. We then discuss how these line

strengths are computed from basic molecular constants.

A homogeneous gas sample at temperature T with a single absorption

line at Yo will have, for radiation at frequency v, a transmittance
T = exp [-S(T) Wf (v, vy)]

The line shape function is denoted by { (v, vo) and will have the unit of

reciprocal frequency. For a pressure-broadened line of width a.

2 2
£ (vyvg) = 2/ [ [a% + (0= vp)*]] (5)
W denotes a measure of the number of absorbing molecules present and is
a column density with unit of molecules per unit area. The desired unit for

the line strength is, then, frequency per unit column density. Specifically,

for the present calculation, S has the unit cm-ll(molecules cm-z).

In the study of gases, where the ideal gas law is valid, the column
density W can be related to the temperature T, pressure P, and length L

of the sample by means of the Boltzmann constant k
W = PL/(kT)
If this is combined with Eq. (4)

7 = exp [-S(T) PL (v, vy)/(kT)] (7)

The ratio ¢ = S(T)/kT is also called the line strength by many authors; the

usual unit is atm'1 c:rn"2
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The relationship between these two definitions of line strength is

Co S/T

= 7.339083 X 1021 molecules K em™> a.i:m“1 (8)

Except for comparison with experimental results, the line strength S is used
exclusively in this report.

The line strength S depends on the fraction of the molecules in the
energy level from which the transition begins and the matrix element

Rv'J'v"J" lz by the relations

3
8w 2
Syrenyizn * 3he Rv'.]"V"j"‘ Il vg &vgs T) Gongm

-J for P branch transitions

for R branch transitions

Vo =V ] "
0 vi,vi,J, 3

glvg T) = 1 - exp (- hevy/kT)

GV",J” = exp (- BV”,J" he/kT)/Z

yA =Zv ; (27 + 1) exp (-8 he/kT)
s
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where h is Planck's constant, 6.626196 X 10727 erg sec; c is the velocity
of light, 2.997925 X 1010 cm sec'l; and k is Boltzmann's constant,

1.380622 X 10"16 erg K-i.

The line strength S, as defined by Eq. (9), is a complicated function
of temperature. Explicit account of all the various temperature variations
would be time consuming. Therefore, for the spectral computations, the
line strength s0 computed at the standard temperature Ty = 296 K by means
of Eq. (9) is scaled to other temperatures by the relation

5 = 5% g(v, T) exp [h%‘;— (1/T, - 1/T)]/2(T) (14)

where z(T) is the ratio of the partition function at T to the value of the
partition function at TO' In order to avoid the summation iriplied by Eq. (13),
z is approximated by the product of separate ratios for the v.brational and

rotational partition furnctions
z(T) = Qg (T) R(T) = (T/T,) [t - exp (- Y, he/kT)] (15)

where Y10 is used as the vibrational frequency. No difference between

HCl35 and I—ICI?’7 is récognized in calculating z(T).

Except for the matrix elements, all the factors in Eq. (9) can be
computed from the term values defined previously. Computation of the
matrix elements requires computation of the integral of the radial wave
functions ¢(r) for the initial and final states with the electric dipole moment
function M(r)

® *
Rygugign =f Fyige(®) M(R) 63,0 n(x)dr (16)
O
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M(r) is usually expanded in a power series about the equilibrium nuclear

separation T,

M(r) =Y M, (x - re)j
J

Generally, the ¢(r) functions can be generated most accurately by numerical
solutions of the radial Schroedinger equation. The integral to obtain the
dipole matrix elements is then also performed numerically. This procedure
has been applied to several molecules, including HF and HC135, to obtain
accurate line strengths, 12-14 This approach requires a significant com-
putational effort independent of the spectral computation of primary interest
in the present study. Therefore, we elected to use the analytical approxi-

mations to Eq. (16) formulated by Herman and Wallis. 15

In these analytical approximations for the matrix elements, the
maxtrix element is written as a product of an anharmonic oscillator factor
D and a co:rection factor F, which accounts for vibration-rotation

interaction.

2 2
RV’,V",J',J" = Dv”v' FvnvI(J‘l') (18)

Formulas for the Dv'v . are availablels_i? in terms of the coefficient of the

first power in the dipole moment function M 1 and spectroscopic constants

defined in Egs. (19)
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o 1/2
Dgy = M, /(2a)

_ 1/2

D,, = Mi/u
‘ 1/2

D23 = M1/(20/3)

) 1/2
Dy, = Mil(a/Z)

Dy, = Mib/(Zor)”Z (19)

where

_ 2

o= we/(ZBe re)
- 1/2 :
=-0.5Y"“(1+a/(3YB,)

Y=2B_lu (20)

The equilibrium spacing of the atoms is T the equilibrium rotation constant

Be ~ Ym; the equilibrium vibration frequency w, ~ Y, 0’ and the rate of

chauge of B with v is o, =Y. i Note that o and o, are different

quantities.

Formulas have also been computed for the vib.ation-rctation inter-

action correction terms Fls-”

1/2

(F, 1)“"‘ -1 - 26¥m [1 + 7.5 v/ % 4 3v - 2.5 vy /29
?

+0.75 bY /% (m - 1)/5 + 0.375Y (m - 1)/9]

1/2 1/2

(F -1 - 28Ym [1 + 15y % 4 6y - 23 vy 1'% /(40

1,2)
+0.75 bY /2% (m-1)/8 + 0.375Y (m - z)/e] 1)

(cont.)
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, )12 =1 - 20vm - 4566v*/ % m - 186YPm - 0.75Y2 m (m - 3)

- 1.5m2 by % 4 39 mby3/ 22

/2

(F, /%=1 - 20vm - 246v%m - 2998mbYv®/?/4

+ 61mbY3/2/2 - 0.75m2b‘{3/2 - 0.75\:’2 m (m - 2)

(F, 2)1/2 = 12277 (myp) [(1 - 0.750 +0.5b8/v/%) _ gym

+0.5 Y2, 4 15/4)v% b m+5)

+ 3/16)Y?% b (2m - 3)]

All the factors except 8 = MO/Mire have been previously defined.

The values used with Eqs. (9) through (13) and (18) through (21) to
obtain the line strengths for the present work are given in Table 3. The data
were taken from the references given in the table. The values of the dipole
function expansion coefficients for HC137 were obtained from the HC135

values by multiplying by the square root of the 1:3 abundance ratio for C137
. 35
compared with C17".

4. LINE WIDTHS

Pressure broadening of spectral lines results from coliisions between
molecules. The relative effectiveness of a collision in broadening a line
depends on the molecules involved in the collision and on the energy state of
the molecules. Collisions between molecules of the same type and in

similar rotational states are the most effective collisions for the line

& iyl

PRRYEUTER WD

broadening. The trantition involved is much less important. These
features are illustrated in Figs. 10 and 11.

The general similarity of the dependence of line width on the rotational

quantum number factor |m| [Eq. (10)] for a large variety of HCI transitions
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Figure 10.

Line-Width Parameter for HCI as a Function of |m|. The line
connects values used for the line parameters obtained in the
present study. Excep for O, the symbols represent experi-
mental self-broadening values obtained for different bands and
isotopes by various_investigators. O, HC135, 0-1, R branch
(Ref. 18); ®, HC137, 0-1, R branch (Ref. 18); A, 0-1 P branck
HC135 (Ref. 18); A, 0-1, P branch HC137 (Ref. 18); &, 0-1

P branch, both isotopes (Ref. 21), X, 0-2 band, both branches
(Ref. 20); +, 0-4 band (Ref. 19); O, N, broadening of HCI

(Ref. 18).
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Figure 11, Measured Line Widths of the R Branch of the HC1 Overtone
for Several Temperatures. The solid curves were calcu-
lated from the Anderson theory for resonant dipoles with
temperature -dependent hard cores. Taken from Goldring
and Benesch.
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is illustrated in Fig. 10. The open and closed triangles and circles from

the work cf Benedict et a].,18 represent the P and R branches of the 1-0 band
of HC13® ana HC1®
by Benedict et al. from the work of Lindholm;I

; the crosses represent the 4-0 band of HCI s reported
9 the X's represent the 2-0
band of HCl as measured by Goldring and Benesch;zo and the ellipses
represent the P branch of the 1-0 band as measured by Babrov, Ameer,
and Benesch.21 These are all self-brcadening coefficients, i.e., coeffi-
cients for collisions of HC1 with HCl. The solid curve joins the values
selected for HCI in the present study. NZ is a much less efficient broadféz-
ing agent, as is noted by the data taken from the work of Benedict et al.

for nitrogen broadening and denoted by open squares in Fig. 10.

The shape of the relationship between |m| and broadening is temzera-
ture dependent, as is shown in Fig. 11, which was taken from Ref. 20.
The broadening parameters for the R branch of the HC1 fundamental are
plotted in the figure as a function of Im| for a variety of temperatures. The
flattening of the curve as the temperature is increased may be easily under-
stood in a qualitative sense. The most effective broadening collisions are
between molecules in similar J states. At low temperatures, most of the
molecules are in a low J state. Thus, the probability of collisions with a
mclecule in a similar J state is high. As the temperatur=z increases, the
distribution in J states becomes less peaked, and any given collision is less

likely to be with a molecule in a similar J state.

The qualitative features illustrated in Fig. 10 guided the empirical
assignment of line width parameters in the present study. The variation in
the relative shape of the broadening parameter curve with temperature was
not included because of complications in using this information in actual

spectral calculations.

The line width parameters assigned for HCl and HF taken from
. 18
Benedict et al.

values greater than those for which data are available were assignead the

and Smith®? are given in Table 4. Line widths for |m|

constant values shown in the table.




Table 4. Line-Width Parameters for HF and HCl

A, i

HCl,® uF, P

Ira | em™! atm™ : em™ ! agm™!
t 0.218 0.56
2 0.223 0.67
3 0.249 0.63
4 0.246 0.50
5 0.227 0.33
6 0.186 0.24
7 0.153 0.15
8 0.127 0.10
9 0.106 0.10
10 0.0896 0.10
14 0.0842 0.190
12 0.0834 0. 10
13 0.066 0.10
>13 0.65 0.10

Tl ¢ R, AN s




The spectral computation program1 computes a composite line width
a appropriate for a particular path segment. The computation is based on
the partial pressures P, of the various gases present in that segment and

the line width parameter 2,

1/2
a =ag (To/T)V 2370, Py
i

The coefficients 'ﬂi are the ratios of the foreign-gas broadening to self-

broadening coefficients for the various gases included in the program. The

values of 'ﬂi were estimated from the work of Babrov, Ameer, and Benesch21

for HCI (Table 5). The values of 1| used for CO, and CO are the average

ratios shown in Tahle 5. All gases other than the halide, CO, and CO2 are
assumed to be air. For air, T = 0.279 is obtained by taking a weighted
average of the valuss for N, and O, in Table 5. Based on the empirical results

of Shaw and Lovell, 23 the T coefficients derived for HCl were also used for HF.

B. COMPUTED LINE PARAMETER ACCURACY

The calculated HF and HCI spectra in this report are based on a set
of spectral line parameters that were computed from data presented in the
preceding section for all J values up to 50 for the 0-1, 1-2, 2-3, 3-4, and
0-2 bands of HC1°>, HCI>', and HF. This set includes all lines of these
bands for which a 0.5-m path through a 1-atm 3000-K sample of the gas
would have a peak absorptance of 0.01 or more. With an arbitrary cutoff
in J, a2 number of weaker lines are also included. A more rational selection
criterion was applied in selecting the line parameters given in the Appendix.
There, the parameters are given only for lines that yield an absorptance
greater than 10"2 for a 1-m path through a 3000-K sample of the gas at 1-atm

pressure.




Table 5. Self-Broadening Parameter Derivation

HC1-HCI Line- Ratio Foreign-gas Broadening/
Line Width Parameter HCl Broadening
o™ atm” co, co N, o,

P1 0.207 0.807 0.565 0.447 0.341
P2 0.233 0.600 0.429 0.365 0.218
P3 0.231 0.445 0.415 0.313 0.166
P4 0.227 0.392 0.36§ 0.283 0.147
P5 0.207 0.351 0.327 0.286 0.142
P6 0.171 0.385 0.348 0.254 0.158
P7 0.145 0.346 0.394 0.250 0.150
P8 0.124 0.380 0.280 0.215 0.173
Average value 0.463 0.391 0.302 0.187

The accuracy of line positions is about 0.04 cm“1 for HF and about
0.005 cm'1 for the H71 positions. The lower energy levels are determined
with similar precision. The line strengths are accurate to within 20 per-
cent for low v and J values. The uncertainty increases for higher J and v
values. The pressure-broadening coefficients are within 50 percent for low
temperature and m < 10; they are less accurate for other conditions. These
statements of accuracy are demonstrated in the next several paragraphs by

comparison of calculated line parameters with experimental values.

The line frequencies of HCl are the most accurate quantities. The
Dunham parameters from Ref. 10 were obtained for HC135. Our calculated

HCl35 line positions agree, to within 0,001 cm-i, with the calculated values
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of Rank et al., which, in turn, agree with the observed frequencies to within
about 0.004 cm’ 1. An independent check on both the HCl35 Dunham coeffi-

cients and the conversion to I-ICI37 coefficients is provided by the data in

Table 6, where observed 1-0 band HCl37 line frequencies 4 are compared
with the values calculated with the parameters given in Table 2. The

differences are somewhat larger than with the HCI35 observations, as would
1

be expected, but the accuracy in this band is still better than 0.01 cm

The accuracy of the HF observations of Mann et al. 9 is lower than
that of the HC] observations. Consequently, the Dunahm coefficients are
given with lower accuracy. Comparison of computed and calculated values

indicates an accuracy of about 0.04 cm’ 1.

The lower energy levels are based on the same data as the line
frequencies and hence should have a2 comparable accuracy. This is several
orders of magnitude more accuracy than is required for scaling the very

much less precise line strengths with temperatuare.

There are only a limited number of experimental line strength values
available for HCl, and these are restricted to the lower rotational states.
In Fig. 12, the calculated values for the 0-1 band (solid curve) are compared
with the experimental values of Babrov, Ameer, and Benesch21 (squares)
and the experimen.:1 values of Benedict et al. 18 (circles). In Fig. 13, the
calculated values for the 0-2 band (solid curve) are compared with the
experimental values of Benedict et al. 25 These two sets of experimental
data differ from each other and from the calculated values by 10 to 20 per-
cent. This is the uncertainty we associate with the line strength for these
bands. For higher vibrational states, the uncertainty in band strength can

be expected to be somewhat larger.

Line strength at high temperature can be expected to have a decreased
accuracy because of the scaling approximations, Eqs, (14) and (15), as well
as the extrapolation of the basic theory to higher excitation levels. In

Fig. 14, line strengths for the v = 2 to v = 3 band of HCl are compared with
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Figure 12. Comparison of Computed and Experi-

mental HC1 Line Strengths for the
0-1 Band. The values obtained in the
present study are connected by a
solid curve, Open symbols denote
experimental HC135 values; closed
symbols represent HCl 7 values.
Values denoted by circles are from
Ref. 18, those denoted by squares
are from Ref. 21.
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Line Strengths for the 2-3 Band. The values
obtained in the present study, scaled to 1200 K
as discussed in the text and reduced to units of
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experimental values in thgge same units re-
ported in Ref. 25 for HC1°>(0) and HC137 (@)
are also shown,




the values obtained by Benedict et a1.25 at 1200 K and values scaled from

tke 296 K line strengths by use of Eqs. (14) and (15). Although the agree-
ment is puorer than for the lower temperatures and vibrational quantum
numbers, all of the experimental points are still within 50 percent of the
calculated values.

In Fig. 15, the computed line strengths for the 0-1 band of HF are

compared with experimental measurements of Lovell and Herget, 26 Shaw

and Lovell,23 and Kuipers. 27 The comparisons are made for a temperature

of 390 K because most measurements are made in this temperature range in
order to avoid dimerization of the HF. The computed line strengths for

296 K have been scaled to 390 K by means of Eqs. (14) and (15). Except for
the P(8) and P(9) lines, the strengths all agree with each other and with the
computed values to within 20 percent.

In Fig. 16, the computed line strengths for the 0~2 band of HF are
compared with the observations of Meredith. 28 In view of the good agree-
ment in Fig. 15, the rather consistent deviation of the measured and comn-
puted vailues for the low Iml values is puzzling, and we are unable to explain
it. However, the measured and calculated values are still within 30 percent

of each other.

Data or .ine widths for HCI have been summarized in Fig. 10, The
line-broadening parameters for low tempziatures and values of m < 13 are
probably within 20 percent of the true values. For higher rotational values
and higher temperatures, greater deviations are expected between the

parameters used for calculations of spectra and the true values.

HF line-width parameters are usually measured at 390 K or greater
in order to avoid problems with HF dimers. The extreme values observed
at this temperature in five different studies by Smith, 2z Shaw and Lovell, 23
Lovell and Herget, 26 Kuiper, 27 and Meredith28 are indicated in Fig. 17
by vertical bars and listed in Table 7. The values obtained from the 302 K

data of Smii:h22 and used in the line-parameter compilations have been scaled
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to 390 K as in the program of Ra.ndalli and are shown connected by straight
line segments. As with HCl, 2 20-percent variation in experimental values
is observed. The effect of the change with temperature of the |m]|
dependence of the line-width parameter, which is not included in the present

calculations, is also apparent.

Of the several parameters in the halide line-parameter corapilations,
the line width is the least accurate. Theoretical models of pressure
broadening are available. 29 Although the results are not in complete agree-
ment with measured values (Fig. 11), the application of a consistent theory
for extrapolation, rather than the ad hoc procedures used here, iv certainly
preferable for improvement of the line width values. Simple methods for
incorporating the variation in J dependence with temperature should also

be incorporated in the spectral calculation programs.

The results of an independent study similar to the present one for
the Av = { bands of HF and DF were recently published by Goldman et al.

Their basic data sources were the same as those used here. Their line

30

parameters were published as a table of line strengths {0) at 1273 K. The
line strengths for the 2-3 band of HF are compared in Fig. 18, where the
solid curve represents the results of the present study, and the dashed
curve represents those of Goldman. The P-branch results are indistin-
guishable on the scale of the figure. Goldman's R-branch results are a
few percent lower than our results, but certainly agree to within the accu-

racy quoted for either set of results.

C. HF SPECTRAL COMPARISON

The final measure of the adequacy of a line-parameter compilation
for spectral computation is the comparison of computed and experimental
spectra, In Fig. 19 are shown the spectra computed for a 60-cm sample
of HF at 1 atm and with the inhomogeneous temperature distribution shown
in Fig. 20. The spectra presented are the result of convolving a 4. 5-cm-1-

wide FWHM triangular instrument function with the computed high-resolution
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Figure 18,

Comparison of the Computed HF Line Strengths of Goldman,
et al. at 1273 K with Values from the Present Study in the
2-3 Band. The solid curve represents results of the pre-
sent study. Goldman's results are denoted by a broken
curve, which is indistinguishable from the solid curve in
the P branch.
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Comparison of Experimental and Computed Characteristics of
a Nonisothermal HF Sample. The solid curve is the computed
transmittance and radiance for a path with the temperature
profile as shown in Fig. 20. Comparable experimenta? values
from the work of Simmons® are shown (X).
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Temperature Profile for Nonisothermal HF Computation.
The measured temperatures along the sample cell used to
obtain the experimental points in Fig. 19 are shown (O).
The horizontal line segments denote the temperature pro-
file used to simulate the sample for computation,
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spectrum. These conditions agree with experimental spectra obtained biy

Simmons, Yamada, and Arnold.” Because the experimental spectra do

not lend themselves to reproduction, we have extracted the extreme values

from the experimental spectra and plotted them in Fig. 19. The agreement

is quite satisfactory.




IV. HOT-GAS SPECTRA

In this section, the spectral line parameters for HCl and HF discussed
in Section III are combined with the AFCRL line parameter collection evalu-
ated in Section II and used with the program described in Ref. 1 to compute
the radiance from a path through two samples of hot gases characteristic of
possible plume conditions. The radiance at the plume boundary is evaluated,
and the radiance available after passing through an absorbing atmospheric path
is computed. The ratio of spectrally degraded apparent radiance to plume
radiance demonstrates the importance of including the effects of the source

spectrum when considering the propagation of radiation through the atmosphere.

The conditions for the two gas samples, designated her- plumes A and
B, are summarized graphically in Figs., 21 and 22. The conditions represented
by the solid curves were supplied by R. H. Lee* and are based on complicated
plume flow field modeling studies. These curves describe the radial profile
of temperature and species concentration of an assumed cylindrically symmetric
gas sample at an axial location in the sample near the position of peak infrared
emission. The samples differ mainly in composition. The radiating species in
plume A are CO, COZ’ and HZO’ whereas those in plume B and HC1 and HF.

Both plumes are assumed to be at a constant pressure of 55.3 mb.

The computation of radiance for inhomogeneous samples such as those
discussed here is approximated by a sequence of homogeneous segments.
The values selected for this simulation are shown in Figs. 21 and 22 by the
horizontal lines. The segments are not the same geometric length, but,

rather, the total number of molecules in each segment is approximately the

%
R. H. Lee, private communication (1975).

=

Ly



i

3]eDS 2)EUIPIO JUIIIIIIP ®B

sey sasjowuered Inoy 9y} Jo YoEI LY sjon so[iyoad [eIpEI S} FE[NUUIS O3 pasn
si1ajowreaed asayj jo sanjea snosuaBouioy 243 23edipul sjuswiBas aulf (ejuoz1Ioy 4L
sganjexadwiol ay3 pue ‘0D 20D ‘OF¢H jo suolBIjUadUOD ay3 jo seoyiyoad (erpel
sjoudp SSAIND PI[OS YL 'V dWhid 10J SUOL}BIFUDOUOD sa1oadg pue sanyeradwia]

w ‘IINVLISIA IVIavY

0
O a °
—1 006 —0°1 —6°0
-
-—{ o ~
m o o
3 ~ o
ﬁ MU.. =
S s 5
£ b=y o
3
= m€ w
0001 —0°¢ -~10°1

‘1z 2an3d1g

|
2}
o~

]
=
Y

v

wojou HOI 09

€

A SR

-60-




*9[eds 23BUIPIO JUIIDIIIP © SBY

siajoweaed 921y} aYyj Jo Yoes jey] 930N ‘S3[ijoad [BIpeRI Sy} 93B[NLIIS 0} pasn
sxajauwiered asay) Jo sanjea snosuafowoy ayj 93e21pUl sjuswdas aul] [2jU0ZIIOY
ayJ, ‘oamyexadws) pue ‘IHH ‘JH JO suolleijusduocd ayj jo saiyoxd [eiper ay3
9j0UdP S2AIND PI[OS Y], ‘g dwn[d I10J suoljeijusasuon sardadg pue sanjexadwsg,

W ‘JONVLISIA TVIavY
14

O
N
=

a

M NLYYIdWAL
E\MHOm “()I JH

o
—t

" .k

"2z 2andig

o
—

o
o

v

gmanom 9101 IOH

ll

:f?.fw_:.:- i T
e




same. Earlier studies have indicated that this provides a better simulation

than equal geometric length segments. The numerical values used in the

computations are given in Tables 8 and 9 for half of the assumed symmetric

plume.

The atmospheric model used to attenuate the radiances consists of a

path from 20 km to space at a 60-deg zenith angle through a mid-latitude

3 < R
summer model atmosphere. L Continuum absorption in the atmosphere was

ignored.

All computations of spectra were carried out with the INHOM program1

at a resolution of 0,01 cm_1 for the entire spectral region from 2 to 5 pm

(2000-5000 cm-i). Samples of the plume radiance for plumes A and B are
p P

shown in Figs. 23 and 24. Apparent radiance spectra were obtained by mul-

tiplying the high-resolution plume radiance spectrum by the high-resolution

atmospheric transmittance spectrum. The result was a spectrum of the

plume radiance that reached the top of the atmosphere. The atmospheric

radiance was not added. The resulting high-resolution radiance spectra

Table 8. Plume A Simulation Conditions

Column Densities,

1017 rn()l/(:m2

Radial Limits, Temperature,

m K HZO CO2

CcO

-1.89 to +1.89 1403.45 371.531 78.866 10.587

1.89 to 5.023 1165.40 205. 423 47.67) 2.546

5.023 to 6.601 586.48 64.962 15.553 0.263

6.601 to 7.352 279.38 12,827 3.074 0.063

[PPSR

7.352 to 7.966 227.82 2,271 0.627 0

7.966 to 8.534 211.37 0.341% 0.324 v

ALY SO oo s

g

-62-~
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Table 9. Plume B Simulation Conditions

Column Densities,

1016 mol/cm2
Radial Limits, Temperature,
m K HCl1 HF

-1.614 to +1.614 1245.01 598. 402 3642.22
1.614 to 4.007 923.31 324,999 1994. 34
4.007 to 5,017 389.54 80. 383 494.963
5.017 to 5.627 235.37 9.170 56.405
5.627 to 6.188 216.70 0.230 1. 409
6.188 to 6.75 216.70 0 0.001

were convolved with triangular instrument functions of two different widths,
2 and 20 cm_1 FWHM, and are shown in Figs. 25 through 34. The low-
resolution atmospheric transmittance spectra are shown in Figs. 25 and 26;
the low-resolution plume A radiance spectra are shown in Figs. 27 and 28;
the low-resolution apparent plume A radiance spectra are shown in Figs. 29
and 30; the low-resolution plume B radiance spectra are shown in Figs. 31
and 32; the low-resolution apparent plume B radiance spectra are shown in
Figs. 33 and 34. Figures 31 through 34 have the same vertical scale in
order to emphasize the reduction in average radiance of plume B compared
with that of plume A because of the lower density of lines. Thirty-two times
the values of the 20-cm"1 resolution radiance is also plotted for assisiance

in determining quantitative values if desired.

The dependence of the effective atmospheric transmittance spectrum
on the source spectrum is emphasized in Figs. 35 and 36. The solid curve
represents the 20-cm'1 resolution average transmittance identical to the
curves in Figs, 25 and 26. The dashed and broken curves were obtained by

calculating the effective average transmittance

-63-
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FREQUENCY, cm ™.
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WAVELENGTH, pm

Figure 36. Dependence of Apparent Transmittance on Source Spectrum
Between 3200 and 4000 cm-1, The solid curve denotes the
average transmittance at 20 cm~" resolution from Fig. 26,
The dashed curve is the effective average transmiitance for
Plume A, which is the ratio of the 20 cm-! resolution curve
of Fig. 30 to that of Fig. 28. The broken curve denotes the
effective average transmittance for Plum= B, which is the
ratio of the 20 cm~! resolution spectrum from Fig. 34 to
that of Fig. 32.
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where L(v) is the source radiance, and T(v) is the atmospheric transmittance,
both at infinite resolution. Tp is essentially the ratio of the 20-cm'1 resolu-

tion appa ent radiance curve to the appropriate 20-cm—1 resolution plume

radiance.

The accuracy of spectra presented in this section is limited by several
approximations in addition to the validity of the plume models for any real
system. As demonstrated in Section II, the AFCRL line atlas is not com-
pletely adequate for modeling hot gases. DF and DCI1 have been omitted
from the plume B computations. The pressures for the gas samples are
on the border line of the validity of the pressure-boradened Lurentz line
shape. A Voigt line shape was not used because of the additional computer

expense.
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APPENDIX. LINE PARAMETERS FOR HC135, HCI37, AND HF

The line parameters calculated as described in the text for T = 296 K
are listed in Table A-1 in order of increasing frequency. Listed are all
lines of the 0-1, 1-2, 2-3, 3-4, and 0-2 bands of HC1>>, HC1>’, and HF with

strengths such that at 3000 K, a 1-m path of pure gas at atmospheric pres-

sure would nave an absorption of 1 percent or greater. The format of the

computer listing of each line is defined in Table A-2.
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Table A-1, Line Parameters {or HCI35, 1-10137, and HF
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Table A-2. Format of Spectroscopic Line Atlas Listing

FORTRAN
Format

Characters

Parameter Units

ve—

1-10 F10.3 Line center frequency - em™?

11 - 20 E10.3 Line strength at 296 K cm-ll‘ -2
{(molecule . cm )

21 - 25 F5.3 Line-width parameter em™1/ atmosphere
at 273 K
F10.3 Energy level of lower  cm
state in transition

Blank

I Vibrational quantum
number of upper state

Vibrational quantum
number of lower state

Rotational branch

Rotational quantum
number of lower state

174" for date

Isctope

15 HC1>?
17 HC137
19 HF

Molecule
3 HC1
_____.7THF —

i
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LABORATORY OPERATIONS

Tan Labaratary Oparations of The Aerospace Corporation s conducting
enparimeninl and theoratical investigationy necessary fur the avaluation and
application of aciemific advancas to new military concapte and systems, Ver.
aatility and flexibility have bsan developed (o a high degrea by the tahaoratory
peraonnsl in dealing with the many problamme encountered in the nstion’s repidly
davelopin epace and minaile systema, Kupsriian in the laisst scientific devel.
apmants is vital to the accamplishment of taske related to these problems, The
Iabaoratories that contribute to thie researeh ara

Aﬁrugbxflri ||I!l%!!!%'l' Latunch and reantry asrodynamics, hest trans.
far, reaniry physics, chomlical Yinetics, atructural machanice, (ight dynamice,
atmospherig poliution, and high.powar gas lasers,

Chami e Jabha 5 Atmospharic reactions and stmos.
pharic :n»cico, chemical raaciions Tn polluted atmaspheres, chamical raactions
of excitad spacies In rocket plumss, chemical thermadynamics, plaama and
laser-inducad reactions, ianer chemistry, propulsion chemistry, spaze vacuum
and radiation affacts on materiale, Juhrieation and surface phanomens, photo-

senaitive inatariale and senanrn, high preciston lasar ranging, and the appli.
cation of physice and chemistry to problame of law snforcement and hiomedicine,

¥ 1 Kleactromagnetic thenry, devices, and
ropagation p plasma slaciromagnetica; quantum electronics,
ssere, and elactro-aptice; communication sclences, applied alectronice, semi.
conducting, suparconducting, snd arystal device physice, optical and scoustical
imaging; atmospherie pollutions millimeter wave and far-infrared tachnology,

NM"[MI‘ !"""’i" h.iwgﬂnql Davelopment of new matsriaie; meta)
matrix camposiles and new Turmse of carboni test and evaluation of graphite
and coramice In reantrys spaceceralt matarials and alectronic components in

nuclear waapons snviranment; application of (racture machanics to siress cars
rontan and (atiguesinducad (racluren in atructural meisle,

fipaca [:hrﬂu !,lhnu(’gg%l Atmospheric and tonospheric phyalcs, radia-
tion from the atmosphere, dansity and compaosition of the atmosphere, surorae
and airglow; magnetospharic phynica, cosmic rays, generation and propagation
of plasina waves in the magnetoasphere; solar phyaice, studins of solar magnetic
Nelde; space astronomy, x-ray asironomy; the effacts of nuclear explosions,
magnatic sturme, and solar activity on the earth's atmoaphere, tonosphere, and
magnetoaphere; tha affacts of aptical, eleciromagnetic, and particulate radia.
tione In space on apace ayatams,
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